OBJECTIVEdTo determine whether subgroups of type 1 diabetic patients with different glucose variability indices respond differently to continuous subcutaneous insulin infusion (CSII) in terms of reduced hypoglycemic events.
C ontinuous subcutaneous insulin infusion (CSII) by pump is widely used for patients with type 1 diabetes with persistently high A1C or frequent, disabling, or severe hypoglycemia, despite well-managed intensive insulin therapy with multiple daily injections (MDIs) (1, 2) .
For patients who fail to achieve A1C targets (3), numerous meta-analyses of randomized controlled trials support the effectiveness of CSII, with a mean decrease of 0.5% in A1C in comparison with MDI (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . The greatest improvements in glycemic control were in individuals with the highest A1C: patients with A1C levels $8.5% being treated with MDI may expect a decrease of 1.0-1.5% with CSII (6, 8, (14) (15) (16) . In contrast, the ability of CSII to reduce hypoglycemic episodes remains a matter of debate. While some trials or meta-analyses showed a reduction in severe (requiring third-party assistance) (11) and nonsevere (5) hypoglycemic episodes on CSII compared with MDI, others did not (6, 7, 10, 12) or even reported a higher rate of mild hypoglycemic events compared with MDI (13) .
In everyday life, individuals with type 1 diabetes experience, on average, about two episodes of mild but symptomatic hypoglycemia per week (17) . In the absence of impaired hypoglycemia awareness, mild hypoglycemia is, thus, far more frequent than severe hypoglycemia (average incidence of 1.0-1.7 episodes per year) and may exert harmful psychological effects and hamper an individual's social life (18) . These repeated events can be a limiting factor preventing improvement or maintenance of glycemic control through the deliberate avoidance of frequent episodes of low glucose levels (19, 20) . A recent history of hypoglycemia is also the cause of hypoglycemia-associated autonomic failure (HAAF), leading to defective glucose counterregulation and hypoglycemia unawareness and fueling the vicious cycle of recurrent hypoglycemia (20) . However, while patients with frequent severe hypoglycemia may show improvement with CSII (8) , clinical characteristics that could predict a reduction in overall hypoglycemia when switching from MDI to CSII are, to our knowledge, currently unknown.
Consequently, the aim of this study was to identify factors predicting mild hypoglycemic events (defined as glucose value ,60 mg/dL [3.3 mmol/L]) when switching from MDI to CSII. More specifically, we tested the hypothesis that patients with the highest baseline glucose variability would be those in whom CSII reduces it the most, translating into a significant reduction of hypoglycemic events. Patients were asked to perform at least four capillary blood glucose determinations per day and to keep a log book of insulin and glucose data. They were also taught to document hypoglycemia by obtaining a capillary glucose determination whenever possible.
RESEARCH DESIGN AND
Initiation of CSII was performed during a short hospitalization. A Medtronic pump (Paradigm or Veo; Medtronic, Minneapolis, MN) with insulin lispro or insulin aspart was used for all patients. During the initial 3-to 5-day inpatient period, a diabetes nurse and a dietitian conducted several education sessions about insulin adjustments, basic carbohydrate counting, and pump management. Basal rates were determined as a function of insulin dosage on MDI and were adjusted during the inpatient period dependent on daily eight-point glucose profiles. Patients returned thereafter to the outpatient clinic after 6 weeks, 3 months, and 6 months for self-monitoring of blood glucose (SMBG) profile review and education, insulin dosage adjustments, blood sampling, and clinical evaluation. A1C was assessed by a Diabetes Control and Complications Trial standardized cation-exchange chromatographic assay (nondiabetic reference 4-6%) and measured from venous blood samples during the hospitalization for CSII initiation and then at 3-and 6-month visits. The hospital's ethics committee approved the study.
Glucose profiles and variability SMBG data were downloaded from patients' glucose meters at each visit and converted to raw data for further calculations. When raw glucose data were not available, printed glucose profiles were scanned and digitized with Engauge Digitizer software (http://digitizer.sourceforge.net) to retrieve numeric data. Data from a 1-month period preceding as close as possible (and no more than 3 months from) the initial hospitalization and the 6-month visit were used for calculation of SMBG frequency, glucose mean, documented hypoglycemic events, and glucose variability.
We determined glucose variability with several SMBG-derived indices, since there is no gold standard method and each of them may be sensitive to different aspects of variability (21) . In addition to SD, we calculated the percent coefficient of variation (%CV = 100 3 SD/mean), the low blood glucose index (LBGI), the high blood glucose index (HBGI), and the average daily risk range (ADRR), which amalgamates information similar to LBGI and HBGI with a supplementary level of aggregation (21) (22) (23) (24) (25) . ADRR was computed only when SMBG data contained at least three readings/day for at least 14 days during the 1-month period to guarantee its reliability (24) .
Hypoglycemia
Documented low-glucose events (symptomatic and asymptomatic) ,70 mg/dL (3.9 mmol/L), 60 mg/dL (3.3 mmol/L), and 50 mg/dL (2.8 mmol/L) were counted from SMBG values by an algorithm encoded in Microsoft Excel (version 2010; Microsoft, Redmond, WA). To avoid taking into account multiple glucose determinations of the same event, we used an algorithm that considered values in a row below the cutoff as a single episode. Hypoglycemic events were reported as events per patient per week, and change in number of events (Δhypoglycemia) was calculated as the difference in number of episodes per patient per week ,60 mg/dL (3.3 mmol/L) from MDI to CSII and expressed in events per patient per week or relative percentage of change.
Statistical analysis
Normal distribution was assessed for each variable using the Shapiro-Wilk test. Results are expressed as means 6 SD for parametric data and median (interquartile range) for nonparametric data unless otherwise stated. Comparisons between groups were performed using two-tailed paired Student t, Wilcoxon, or MannWhitney U tests as appropriate. Linear regression analysis was used to detect predictors for hypoglycemic events and A1C outcomes on CSII. Variables tested in the univariate analysis were age, diabetes duration, baseline A1C, mean blood glucose, number of low glucose events (,70, ,60, and ,50 mg/dL), SMBG measurements per day, SD of blood glucose, %CV of blood glucose, LBGI, HBGI, and ADRR. Variables correlated with the respective outcome at P , 0.20 were entered in a stepwise multivariate regression analysis. Other correlations were analyzed by means of Spearman correlation test. For intertertile A1C comparisons, we used one-way unpaired ANOVA with post hoc Tukey test when statistically differences were found. For intertertile comparisons of hypoglycemic events, LBGI, HBGI, and ADRR, we used the KruskalWallis test with post hoc Mann-Whitney U testing when statistically significant differences were found. P values ,0.05 were considered statistically significant. All statistical calculations were performed with the StatEL software (version 2.6, www. adscience.eu) add-on for Microsoft Excel (version 2010; Microsoft). Regression lines and receiver operating characteristic (ROC) curves were generated by MedCalc software (version 12.3, www.medcalc .org).
RESULTSdThirteen patients were not included in the analysis because of incomplete baseline SMBG data. One patient was excluded because she became pregnant ,6 months after CSII initiation, and five other patients were excluded because they did not have sufficient SMBG data after the switch to CSII. The final cohort thus consisted of 50 patients aged 21-71 years with long-standing type 1 diabetes (mean 6 SD 19.9 6 10.4 years) and indices of high glucose variability (see Table 1 ). The primary indication for CSII was for persistent hyperglycemia in 26 patients (52%), frequent or severe hypoglycemia in 18 patients (36%), and mixed (both hyperglycemia and hypoglycemia) in 6 patients (12%).
After 6 months' treatment with CSII (Table 1) , there was a significant reduction in mean 6 SD blood glucosedfrom 176 6 37 mg/dL on MDI to 160 6 34 mg/dL with CSII (P = 0.0015)dwhich is reflected by the significant improvement in A1C, 8.04 6 1.16% on MDI vs. 7.48 6 0.90% on CSII: a decrease of 0.56% (P = 0.00001). This significant improvement in A1C was not accompanied by an increased rate of hypoglycemic events (events/patient/week) ,50 mg/dL (2. care.diabetesjournals.org DIABETES CARE, VOLUME 36, AUGUST 2013 2149
There was also a slight but significant increase in mean SMBG measurements: 3.65 6 1.04 on MDI vs. 3.97 6 1.16 on CSII (P = 0.017). Several of our patients experienced one or more episodes of severe hypoglycemia (data not shown). Because of the short follow-up time of this study, the number of these events was too low to be analyzed accurately.
We observed a decrease in glucose variability assessed by ADRR after 6 months on CSII: median 38.99 (interquartile range 34.79-46.88) on MDI vs. 34.25 (28.81-42.82) on CSII (P = 0.017). When LBGI and HBGI, which are selectively sensitive to low and high glucose peaks, are considered, it appears that this benefit was entirely the result of the reduction of high blood glucose peaks, as HBGI decreased from 11.80 (8.24-15.22 Multiple regression analysis and ROC curves of predictors of outcome To identify potential predictive factors of glycemic outcome, we performed a univariate regression analysis: first against reduction of hypoglycemic events (Δhy-poglycemia) and then against lowering of A1C level (ΔA1C). Correlations at the P , 0.2 level with the corresponding outcome are shown in Table 2 .
Baseline LBGI and number of events ,50 mg/dL were the best correlates with the Δhypoglycemia outcome (R 2 = 0.195 and 0.165, respectively). In the multivariate analysis, only baseline LBGI correlated independently with Δhypoglycemia (R 2 = 0.195, P = 0.0013). The regression line is shown in Fig. 1A . Correlation was similar when the 70 mg/dL (3.9 mmol/L) threshold for Δhypoglycemia was used. However, when the reduction of hypoglycemic events ,50 mg/dL (2.8 mmol/L) was taken as outcome, the best independent correlate was no longer LBGI but, rather, the baseline number of events ,50 mg/dL (2.8 mmol/L) (R 2 = 0.340, P = 0.00001) (Supplementary Table) .
We then constructed an ROC curve to determine the optimal LBGI cutoff for predicting a reduction of hypoglycemic events (Δhypoglycemia ,0). The area under the curve (AUC) was 0.744 6 0.073 (P = 0.0009 in comparison with area = 0.5), and the LBGI value of 3.34 gives the best compromise of sensitivity, 70.8% (95% CI 48.9-87.4), and specificity, 73.1% (52.2-88.4), in our cohort (Fig. 1B) . When analyzing subgroups by function of the pump indication, we found an ROC curve with an AUC of 0.690 6 0.113 (P = 0.09) for patients with persistent hyperglycemia on MDI and of 0.85 6 0.116 (P = 0.0026) for patients with frequent or severe hypoglycemia. In this group, sensitivity reached 75% (34.9-96.8) and specificity 100% (69.2-100.0), but the number of patients in each subgroup was insufficient to compare the curves between them (Fig. 1B) .
Several factors significantly correlated with the change in A1C with CSII, the best correlates being baseline A1C level (R 2 = 0.403, P = 0.00001) and LBGI on MDI (R 2 = 0.126, P = 0.008). In the multivariate analysis, only baseline A1C level (R 2 = 0.403, P = 0.00001) and, to a lesser extent, diabetes duration (R 2 = 0.056, P = 0.0093) were independently correlated with ΔA1C. The regression line for A1C is displayed in Supplementary Fig. 1A .
Baseline A1C also correlates negatively with baseline LBGI (R 2 = 0.216, P = 0.0011) (Supplementary Fig. 1B) . Given that LBGI correlates with the Δhy-poglycemia outcome, it would be intuitive to postulate that baseline A1C also correlates with the Δhypoglycemia outcome, but we did not find such correlation (Supplementary Table 1 ).
Analysis by LBGI tertiles
To display the combined correlations between baseline LBGI and Δhypoglyce-mia, baseline A1C and baseline LBGI, and baseline A1C and ΔA1C, we compared the outcome of the patients divided into three equal groups sorted by ascending value of baseline LBGI (tertiles). The third tertile (median 5.84 [range 4.18-9.34]) Data are means 6 SD, median (interquartile range), or n unless otherwise indicated. *All data derived from SMBG were calculated from the 1-month period preceding the visit. †Hypoglycemia is reported as events/ patient/week. xADRR was computable on 39 patients' datasets only.
was associated with a reduction in hypoglycemia of 0.85 6 1.48 events/patient/ week (or a 23.3% decrease) when treated with CSII (P , 0.05 vs. MDI). In the first tertile (1.20 [0.62-2.05]), hypoglycemia was not reduced but increased to 1.14 6 1.38 events/patient/week (P , 0.01 vs. MDI, P , 0.003 for intertertile comparison) ( Fig. 2A) . In accordance with the change in hypoglycemia, patients with the highest baseline LBGI (third tertile) had significantly reduced LBGI value when switching to CSII, -1.56 6 2.21
(P , 0.05 vs. MDI), while in the first tertile LBGI increased by 1.88 6 2.44 (P , 0.01 vs. MDI, P , 0.0007 for intertertile comparison) (Fig. 2B) . Consistent with the LBGI and A1C correlation, the first tertile was the one with the highest baseline A1C, 8.69 6 1.08 vs. 7.39 6 1.02% for the third tertile (P , 0.004 for intertertile comparison), and it benefitted from the best A1C reduction, 20.99 6 0.64% (P = 0.00001 vs. MDI, P , 0.014 for intertertile comparison) (Fig. 2A) . The reduction in A1C was also accompanied by the greatest HBGI reduction: -6.08 6 0.64 (P , 0.01 vs. MDI, P , 0.0008 for intertertile comparison) (Fig. 2B) .
Finally, patients from the middle tertile (median 3.34 [range 2.19-4.13]) experienced a smaller but significant improvement in A1C, 20.46 6 0.66% vs. MDI (P = 0.01), without significant change in hypoglycemia.
CONCLUSIONSdWe describe here a cohort of 50 patients with a long duration of type 1 diabetes who switched from MDI to CSII. Their mean number of events ,60 mg/dL (3.3 mmol/L) corresponds well to the number of symptomatic hypoglycemic events experienced by an average patient with type 1 diabetes (17) , and their overall outcome in terms of A1C and hypoglycemia was similar to that usually reported in the literature: A1C was reduced by~0.5%, without a significant increase in hypoglycemia. In accordance with previous continuous glucose monitoring system studies, we also observed significant reductions in glucose variability (assessed by ADRR) and hyperglycemic peaks (assessed by HBGI) after switching to CSII (26, 27) .
Our main finding was that baseline LBGI derived from a 1-month period of systematic SMBG predicts hypoglycemia outcome on CSII. By virtue of choosing an appropriate cutoff, the sensitivity and specificity of LBGI to predict a reduction in hypoglycemic events were both .70%, and these scores might be even better in the subgroup of patients switched to the pump for frequent or severe hypoglycemia.
We also show that LBGI, which is sensitive to both the magnitude and frequency of low glucose events, is a better predictor of the hypoglycemia outcome than baseline hypoglycemic event rates alone. Documenting hypoglycemic events in a retrospective study has limitations because there is a risk of underreporting. However, this situation corresponds to real-life, where the assessment of hypoglycemic events during routine visits is largely retrospective. Moreover, LBGI calculations have been validated with SMBG collections of no more than 50 readings over a 2-to 3-week period (28) .
Although we were unable to show an overall improvement of hypoglycemia with CSII, LBGI divided our population into two groups (first and third tertiles) with opposite outcomes. Patients with (8) . Given that LBGI correlates with risk of severe hypoglycemia (23, 28) , it is likely that this high-risk population also has high LBGI values, which would be consistent with our results showing that patients with the highest LBGI display the greatest reduction in hypoglycemic events.
We confirmed that baseline A1C correlates well with A1C reduction with CSII (6, 8, (14) (15) (16) but, on the other hand, provides no indication about response to hypoglycemia, although baseline A1C correlates (negatively) with baseline LBGI. As LBGI is computed from actual glucose values and not from amplitude of glucose excursions, an SMBG profile with a higher glucose mean will be associated with a lower LBGI than another profile with the same intrinsic glucose variability but with lower mean glucose. We thus hypothesize that high A1C may lower LBGI in a way not directly linked to the intrinsic variability and the hypoglycemia risk.
In summary, LBGI derived from SMBG data is, as far as we know, the first identified predictor of mild hypoglycemia outcome when switching to CSII. Patients with the highest LBGI values experience the greatest reduction of hypoglycemia, while those with the lowest LBGI values and the highest starting A1C level obtain the greatest lowering of A1C on CSII. We are now undertaking a prospective trial using both SMBG and continuous glucose monitoring system data to confirm these findings.
